The Staphylococcus accessory gene regulator, sarA, is the best-characterized small cytoplasmic transcriptional regulator. SarA regulates its target genes either directly or through the agr system by binding to the agr promoters. Several SarA homologs have been identified, and some have been molecularly characterized (7) .
Recently, we and others have identified a novel global regulator, MgrA (15, 24, 39) . Mutation or overexpression of mgrA affects the production of several virulence factors including capsules, protein A, and alpha-toxin (24) . In addition, MgrA has been shown to affect antibiotic resistance and autolysis (15, 39) . MgrA, which contains a DNA-binding helix-turn-helix motif, is a small transcriptional regulator related to the SarA family of regulators. MgrA regulates certain target genes by directly binding their promoter region (15, 16, 39) . Previously, we showed by gel electrophoresis that MgrA profoundly affects the expression of extracellular proteins (24) . However, the number of genes or the biological processes that are regulated by MgrA are not known. Here, we employ microarray methodology to determine the range of genes regulated by MgrA. Our data suggest that in addition to the already-known virulence factors, MgrA can act as a repressor or activator of a large number of genes, including genes involved in metabolic functions.
MATERIALS AND METHODS
Bacterial strains and culture conditions. S. aureus Newman and its derivatives were used for the sources of RNA. Bacteria were cultivated in Trypticase soy broth (Difco Laboratories, Detroit, Mich.) with shaking. Chromosomal transduction using phage 52A was carried out as previously described (21) . The mgrA deletion mutant strain CYL1050 was constructed by transduction of ⌬mgrA::cat from CYL1040 (24) to the Newman strain. The MgrA-overproducing strain CYL907 was constructed by cotransduction of Tn917 and the mgrA5614 allele (a promoter-up mutation linked by Tn917 insertion) from CYL183 (24) to the Newman strain. Mutant strain CYL1050 and the overproducing strain CYL907 were grown in media supplemented with chloramphenicol at 5 g/ml and erythromycin at 10 g/ml, respectively.
RNA isolation.
Cultures of S. aureus grown overnight were diluted 1:100 into fresh Trypticase soy broth medium with appropriate antibiotics and grown at 37°C for 2 to 5 h (optical densities at 660 nm of 0.43 to 0.46 and 3.90 to 4.13, respectively), at which time samples were collected for RNA isolation. The culture samples were centrifuged at 10,000 ϫ g at 4°C for 5 min and washed once with Tris-EDTA (TE) buffer (10 mM Tris, 1 mM EDTA, pH 7.6). The cell pellets were resuspended in TE buffer and kept frozen at Ϫ80°C after the addition of an equal volume of a 1:1 ice-cold alcohol-acetone mixture. After centrifugation at 10,000 ϫ g at 4°C for 5 min, cell pellets were air dried and resuspended on ice in 500 l TE buffer. The cell suspensions were transferred to lysing matrix B tubes and processed twice in an FP120 FastPrep cell disruptor (MP Biomedicals, Irvine, Calif.) for 40 s at setting 6.0 each time. The tubes were centrifuged at maximum speed in a tabletop centrifuge for 15 min at 4°C, and the upper-phase samples were transferred to a 1.5-ml microtube. The RNA samples were further purified and treated with DNase I using the RNeasy kit from QIAGEN, Inc. (Valencia, Calif.), according to the instructions of the manufacturer. The RNA was quantified spectrophotometrically, and the absence of DNA was verified by PCR using primers listed in Table 1 .
Microarray profiling. RNA was converted to cDNA, and microarray analysis was performed according to the manufacturer's instructions (Affymetrix Expression Analysis Technical Manual; Affymetrix, Inc., Santa Clara, Calif.) for antisense prokaryotic arrays essentially as described previously by Beenken et al. (2) . To ensure reproducibility, two RNA samples from each strain were prepared at each growth phase from two separate experiments. Each RNA sample was hybridized to two separate GeneChips. Genes with at least a twofold difference (t test; P Յ 0.05) in RNA titer between the wild-type strain and the mgrA deletion mutant or between the wild-type strain and the MgrA-overproducing strain were considered differentially expressed in an mgrA-dependent manner.
Real-time RT-PCR. To confirm the microarray data, we selected genes from different functional categories to assay their relative expression levels by realtime reverse transcription (RT)-PCR. Briefly, one-step quantitative RT-PCR was performed by incubating DNase I-treated RNA with SuperScript III platinum SYBR Green One-Step qRT-PCR master mix (Invitrogen Corporation, Carlsbad, Calif.) using the ABI Prism 7300 detection system (Applied Biosystems, Foster City, Calif.). The cDNA was subjected to real-time PCR using the primer pairs listed in Table 1 . Cycling conditions were 48°C for 30 min and 95°C for 15 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min and a dissociation step at 95°C for 15 s, 60°C for 30 s, and 95°C for 15 s. Relative expression levels were determined by the comparative threshold cycle (⌬⌬Ct) method (Applied Biosystems User Bulletin no. 2).
RESULTS AND DISCUSSION
Identification of mgrA-regulated genes by microarray. MgrA has been shown to regulate several virulence factors in S. aureus (15, 24, 39) . In an effort to further characterize the role of MgrA in virulence gene regulation, DNA microarray studies were performed with the RNA isolated from strain Newman and its isogenic mgrA deletion mutant (CYL1050). We also included an MgrA-overproducing strain (CYL907) in our studies, since we previously found that MgrA overexpression affected the expression of many genes (24) . However, strain CYL907 contains a Tn917 insertion (at the hypothetical gene SA0636 of N315) that is not present in strain Newman and CYL1050. To ensure that this insertion does not affect mgrA expression, we compared the mgrA promoter activity of strain CYL908, which contains Tn917 at the same insertion site as CYL907 but possesses a wild-type allele of mgrA, to that of strain Newman. No difference in promoter activity was observed between the two strains (results not shown) by using a plasmid-based promoter-xylE reporter gene fusion method, indicating that the insertion does not affect mgrA expression. To take into account the possibility of growth phase-dependent regulation, we isolated the RNA at exponential (2 h) and early stationary (5 h) growth phases. The levels of gene expression between the wild type and the mgrA mutant and between the wild type and the overproducing strain were compared. A change of at least twofold was considered significant. Genes with decreased expression in the mgrA deletion mutant compared to the wild type and genes with decreased expression in the wild type compared to the Mgr-overproducing strain were grouped as mgrA-upregulated genes. Genes that were oppositely affected were grouped as downregulated by mgrA. A total of 350 genes were found to be regulated by mgrA at either 2 h or 5 h or at both sampling times. More specifically, 175 genes were found to be upregulated by mgrA (Table 2) , and 180 genes were found to be downregulated by mgrA (Table 3) . These genes were found in various functional groups and were grouped according to the classification described previously by Kunst et al. (19) . The number of genes affected by mgrA was much greater at 2 h than at 5 h (about 2.5-fold), suggesting that mgrA is an early-growth-phase regulator. There were only 52 genes (14.8% of the total affected) that exhibited MgrA effects at both the log phase and stationary phase, suggesting that most of the genes respond to a limited range of MgrA concentrations. It should be noted here that we found that the mgrA transcript in the overproducing strain was 3.2-fold and 1.8-fold higher than that of the wild-type strain at 2 h and 5 h, respectively.
Our microarray results confirm previous reports that mgrA is a pleiotropic regulator that can act either as an activator or as a repressor (15, 24, 39) . Unexpectedly, we found that five genes (opuD, pyrG, pyrP, scrA, and stpC) were positively regulated by mgrA at one time point but negatively regulated at the other. For example, scrA was found to be upregulated 3.1-fold at 2 h when the wild-type strain and the deletion mutant were compared but was downregulated 5.5-fold at 5 h when the wild-type strain and the overproducing strain were compared. The simplest explanation for these seemingly conflicting results is that such target genes are regulated by mgrA through more than one pathway (such as through other regulators) in which the 
Confirmation of microarray results by real-time RT-PCR.
To confirm the results obtained by microarray, we employed real-time RT-PCR to estimate the amount of transcripts after 5 h of incubation for eight selected mgrA target genes in different functional categories. The expression of either 16S rRNA or hu (N315-SA1305) was used as the control for estimating the severalfold changes. The expression of the hu gene was not affected by mgrA (data not shown). The results shown in Table 4 were comparable with what was observed by DNA microarray results except that the severalfold changes were much more profound in real-time RT-PCR, indicating that real-time RT-PCR is more sensitive than GeneChips, as previously suggested (2) . Our data were also validated by the findings that mgrA transcript was not found in mutant CYL1050 and that the transposon Tn917-associated genes were only found in overproducing strain CYL907 containing Tn917. mgrA regulation of genes involved in polysaccharide synthesis. We have previously shown that mgrA activates the expression of capsular polysaccharide genes encoded in the cap5 (8) operon (24) . Our profiling results showed that all 16 genes in this locus were upregulated by mgrA at 2 h and that all but two genes (cap5K and cap5N) were upregulated at 5 h when the overproducer was compared to the wild type (Table 2) . When the deletion mutant was compared to the wild-type strain, only cap5ABCD was found to be upregulated at 5 h. These results are in good agreement with our previous Northern blotting results, promoter fusion assay, and capsule measurement. Our profiling results also showed that mgrA regulated other putative polysaccharide synthesis genes. We found that five genes with high similarity to polysaccharide synthesis genes encoded in the SA0123-SA0127 (N315) locus were affected by mgrA. However, contrary to the cap5(8) genes, these genes were downregulated by mgrA (Table 3) . Like the cap5(8) genes, these genes were strongly regulated at both 2 h and 5 h, indicating that MgrA is a major regulator for these genes. This is in contrast to the majority of the genes identified in this study, which showed regulation at only one time point but not both. To confirm that these genes are repressed by mgrA, we compared the transcript of the first gene of this cluster of the wild-type strain to those of the mutant strains. As shown in Table 4 , MgrA strongly repressed the SA0123 gene (nearly 2,000-fold repression). These results are in agreement with the microarray data. Our microarray study also found that two genes (N315-SA2455 and N315-SA2456) with high similarity to cap5(8)BC were downregulated in an mgrA-specific manner.
These genes are clustered with the third gene, SA2457, with high similarity to cap5 (8) A. However, mutations within this locus did not affect the type 5 or type 8 capsule (unpublished data). The cluster is adjacent to the ica locus, which encodes genes required for poly-N-acetylglucosamine synthesis involved in biofilm formation. However, these capABC-like genes have not been implicated in poly-N-acetylglucosamine synthesis (9) . None of the ica genes were regulated by mgrA in our microarray study. Taken together, our results showed that mgrA not only regulated all the polysaccharide genes encoded by the cap5(8) locus but also controlled two other putative polysaccharide loci, suggesting that MgrA is a major regulator involved in polysaccharide production in S. aureus. MgrA is a major autolytic regulator. In S. aureus, autolysis is a very complex process. Three major autolysin genes, atl, lytM, and lytN, have been identified (32, 34, 36) . In addition, the cidAB operon, which encodes a holin-like protein, has been shown to promote autolysis by functioning to facilitate either the transport of murein hydrolases or their activity (34) . The lrgAB operon, which encodes an antiholin component, has been shown to counteract cidAB and thus inhibits extracellular murein hydrolase activity (13) . The expression of lrgAB is in turn positively regulated by lytSR, a two-component regulatory system (5) . Recently, ArlRS, another two-component regulatory system, has been shown to negatively regulate autolysis (11, 12) . Ingavale et al. (15) showed that mgrA was a major regulator of autolysis, affecting the expression of lytSR, lrgAB, arlRS, lytM, and lytN. Indeed, we found that mgrA upregulated lytS and lrgA and downregulated lytN and cidA. Our results are therefore generally in agreement with the results reported previously by Ingavale et al. (15) . In addition, our data also showed that N315-SA1956, a putative lytic regulator (which is truncated by Tn554 in N315), was upregulated by mgrA and that SA0904, a putative regulator of autolysin Atl, was downregulated. Taken together, our results indicate that mgrA is a major controlling factor for autolysis, negatively regulating autolytic genes but positively regulating antiautolytic factors.
Our microarray studies also revealed that mgrA regulated several genes involved in cell wall synthesis and the osmotic stress response. These genes include mraY (N315-SA1025, encoding muramic acid pentapetide translocase), eprH (N315-SA1091, an endopeptidase resistance gene), opuD (N315-SA1987, encoding the glycine betaine transporter), proP (N315-SA0531, encoding a proline/betaine transport homolog), gbsA (SA2406, encoding glycine betaine aldehyde dehydrogenase), cudT (N315-SA2408, encoding the choline transporter), and putP (N315-SA1718, encoding high-affinity proline permease). Perturbation of genes involved in cell wall synthesis is likely to weaken the cell wall, whereas an alteration of the gene involved in osmoprotectant synthesis or transport may lead to cell lysis under osmotic stress. Thus, these genes are likely to be indirectly involved in autolysis. These data suggest that mgrA also regulates autolysis at a different level, further supporting the notion that mgrA is a major autolytic regulator.
Among the genes related to autolysis, lytN, eprH, and N315-SA0904 were most profoundly regulated by mgrA at both 2 h and 5 h with high degrees of severalfold changes. To confirm these results, the effect on the expression of lytN and SA0904 by mgrA was measured by quantitative RT-PCR. As shown in Table 4 , both genes were highly expressed in the mgrA deletion mutant and slightly repressed in the MgrA-overproducing strain, suggesting that lytN and SA0904 are highly repressed by mgrA in the wild-type strain and that a further increase of MgrA in the overproducing strain therefore does not decrease the level of repression.
Regulation of transporters and transmembrane proteins by mgrA. MgrA has been found to affect several efflux pumps including norA (N315-SA0650), norB (N315-SA1269), and tet38 (N315-SA0132) (38, 39) . Efflux pumps are involved in antibiotic resistance by effectively extruding antimicrobial agents from bacterial cells. NorA and NorB are multidrug resistance pumps, whereas tet38 confers only tetracycline resistance. In this study, we found that mgrA affected the expression of norA and norB but not tet38. However, our results showed that mgrA downregulated norA and upregulated norB, which is the opposite of results previously reported (38, 39) . Since these previous studies used strain ISP794, a derivative of 8325-4 known to contain a mutation affecting sigB expression, it is likely that the discrepancy can be due to a sigB difference between strains ISP794 and Newman. Furthermore, we also found that mgrA affected sigB expression in the studies reported here (see below). However, our results on norA regulation by mgrA are consistent with those reported in a recent study by Kaatz et al. (17) , who showed that mgrA downregulated norA in three different strains, ISP794, SH1000 (a sigBpositive 8325-4 strain), and Newman. It should be noted here that methodological differences between laboratories exist, and thus, one cannot exclude the possibility that the discrepancy between our results and those reported previously (38, 39) is due to strain differences.
In addition to norA and norB, the tetK efflux gene (COL SA0002) was found to be upregulated at 2 h. Furthermore, we found that two additional putative efflux pump genes (N315-SA2233 and SA2261) were upregulated and one (N315-SA0099) was downregulated by mgrA. Besides the efflux pump proteins, mgrA appears to regulate a plethora of transporter proteins and transmembrane proteins. These include sortase A (SrtA), preprotein transporter SecY, Na ϩ /H ϩ antiporters, ABC transporters, amino acid transporters, ion transporters, a pyrimidine transporter, and sugar transporters. A total of about 50 genes in this group were either upregulated or downregulated by mgrA, suggesting that mgrA plays an important role in controlling various transport systems.
Secreted and cell wall-associated proteins are oppositely regulated by mgrA. Mutation of mgrA has a profound effect on extracellular protein production (15, 24) . In the current work, we found that mgrA positively affected 19 genes encoding secreted toxins, enzymes, and proteases (Table 2) . Most noticeable among this group are genes in three loci encoding leukocidal toxins, which are bicomponent toxins composed of two components designated class S and class F. At least six S (27) . However, PVL has been linked to severe necrotizing infections such as pneumonia and necrotizing faciitis (reference 28 and references therein). Strain N315 contains hlg, lukFM, and lukDE in its chromosome in which lukDE is located within the pathogenicity island SaPIn3 (20) . The lukFM and hlgA (separately transcribed with hlgBC) genes are upregulated by mgrA at 2 h, whereas the lukDE genes are profoundly upregulated at 5 h. In addition, lukDE is upregulated by the MgrA-overproducing strain at 2 h. Thus, MgrA can be considered to be a major regulator for leukotoxins. It would be of interest to know whether mgrA also regulates pvl in PVL-positive strains. Another notable cluster of secreted genes that is upregulated by mgrA is the spl operon encoding serine proteases SplABCDEF. Like the lukDE genes, spl genes are substantially upregulated at 5 h. Interestingly, both lukDE and splABCDF are located closely within SaPIn3 (20) . To confirm the microarray results, we performed real-time RT-PCR to compare the transcription of lukD and splA genes in the wild-type strain, the mgrA mutant strain, and the MgrA-overproducing strain. Our results showed that splA and lukD were expressed about 54-fold and 30-fold less, respectively, in the mgrA deletion mutant than in the wild type (Table 4) . Our results showed that a total of 13 cell wall-anchored or cell surface-associated proteins were regulated by mgrA. These include protein A (Spa) and several putative cell wall proteins containing an LPXTG anchoring domain. In particular, Spa was highly regulated by mgrA at both 2 h and 5 h, a finding consistent with previous reports (15, 24) . The cell wall proteins with an LPXTG domain are anchored to the cell wall by sortase A protein (encoded by srtA) (25) . However, srtA was upregulated by mgrA (Table 2) . Interestingly, our results also revealed that these cell wall-associated or cell surface-associated proteins, except SdrE, were repressed by mgrA (Table 3) . Such regulation of cell surface proteins is in contrast to the mgrA regulation of secreted proteins in which all but one (exotoxin 3) was repressed by mgrA (see above). This mode of regulation is similar to that of agr regulation of these two groups of genes in which secreted exoproteins are activated and cell surface proteins are repressed by agr (31) . The mechanism by which the agr locus transcriptionally regulates target genes is unknown. Based on the parallel between agr and mgrA, it is tempting to speculate that mgrA may interact with agr to regulate exoproteins and cell surface proteins. Indeed, it has been shown that mgrA mutations significantly reduced RNAIII, the effector of agr, and that mutations of agr slightly decreased mgrA expression (15, 16) . However, these studies were conducted using derivatives of strain 8325-4, and therefore, whether the results can be extrapolated to strain Newman requires further studies.
Control of metabolic proteins by mgrA. A number of proteins involved in metabolism are regulated by mgrA: 31 genes are upregulated, while 21 are downregulated. Several clusters within this group are highly repressed by mgrA, including the lac operon involved in the utilization of lactose, the urease genes encoded in the ure operon (contains eight genes, ureABCEFGD, and the putative urease transporter SA2081), and the arc genes ( Table  3) . Utilization of urea by urease produces ammonia, thereby enhancing bacterial acid resistance (29) . The arc genes are involved in arginine degradation leading to energy generation as well as ammonia production that could render bacteria acid tolerant under anaerobic conditions (6) . Although only the arcAB genes are listed in Table 3 , the other three arc genes (arcDCR) in the same cluster were also repressed dramatically, but they did not meet the statistical cutoff used in this study. Both the ure and arc gene clusters have been shown to be induced in biofilms in which the bacteria are likely to be in an acidic environment (2, 33) . Thus, in this context, it would be of interest to test whether mgrA affects biofilm formation. The expression of arcA was confirmed by quantitative RT-PCR (Table 4 ). MgrA also highly repressed the ddh gene encoding NAD ϩ -dependent D-lactate dehydrogenase, which may be involved in low-level vancomycin resistance (4), suggesting that mgrA may affect vancomycin resistance. Other genes involved in biological processes that were regulated to a lesser extent by mgrA include genes involved in nucleotide synthesis: pyr genes (pyrRBC, pyrEF, and pyrG) required for pyrimidine synthesis, carAB for carbamoyl phosphate synthesis, purAB for purine synthesis, and guaAB for GMP synthesis. Interestingly, purB and guaAB are upregulated by mgrA, whereas all others genes involved in nucleotide metabolism are repressed by mgrA. It is noteworthy that the pyr gene cluster and the carAB genes were also induced in biofilm in the study by Beenken et al. (2) but not in the study by Resch et al. (33) .
Regulators affected by mgrA. One means by which mgrA achieves its global regulatory role is through the controlling of other regulators. We found that mgrA marginally upregulated sarA transcription (2.4-fold) when MgrA was overproduced after 5 h of incubation. SarA has been shown to control more than 100 genes (10) . To verify these results, we performed real-time RT-PCR and confirmed that sarA transcription was elevated 3.4-fold in overproducing strain CYL907 but was not affected by mutation of mgrA (Table 4) , consistent with the microarray results. Ingavale et al. (16) reported recently that sarA was not affected by mgrA deletion; however, no MgrAoverproducing strain was used in that study. SigB is an alternative sigma factor affecting well over 250 genes (3) . We found that sigB and the antisigma factor (rsbW) were activated by mgrA to about the same extent when MgrA was overexpressed at 2 h but not at 5 h. Since both sarA and sigB are broadspectrum regulators, some of the effects of mgrA on target genes could be indirect, via effects on these regulators. Two other sarA homologs, sarS and tcaR, with narrow target ranges were also regulated by mgrA. The sarS gene is an activator of spa, whereas the tcaR gene positively controls sarS (and thus spa) and sasF, a cell wall-anchored protein (8, 26, 37) . Ingavale et al. have shown that MgrA binds to the sarS promoter and proposed that mgrA represses spa by repressing sarS (16) . This is in agreement with our microarray data showing that mgrA repressed sarS at 2 h under conditions of MgrA overexpression (Table 3) . However, our data also showed that tcaR was activated by mgrA at 5 h in the mgrA-deleted mutant compared to the wild type (Table 2 ). Since mgrA strongly downregulated spa at both 2 h and 5 h (Table 3) , activation of tcaR by mgrA as shown by our microarray results is contradictory, suggesting that the regulation of spa by mgrA is more complicated than the model proposed previously by Ingavale et al. (16) . Besides the regulators discussed above, mgrA also potentially regulated 10 additional putative transcriptional regulators (Tables 2 and 3) . Thus, many of the genes found in this study could be mediated through these regulators and could therefore be indirectly regulated by mgrA. The expression of the tcaR gene was also verified by the real-time RT-PCR method (Table 4) .
Conclusions. The multigene regulator MgrA has previously been shown to influence the expression of a diverse set of target genes (15, 24, 39) . In this report, we employed microarray technology to identify the genes and better characterize the biological processes that are modulated by mgrA. We found that, as expected, mgrA regulated a wide range of genes including metabolic genes that have not previously been determined to be regulated in an mgrA-dependent manner. In addition, we found 134 genes of unknown function that were regulated by mgrA. The total number of genes regulated by MgrA was remarkably large, making it the regulator with widest target gene spectrum among all staphylococcal global regulators characterized to date. Most of the mgrA target genes reported previously were confirmed in this study; however, some were not detected. Most notably, the hla gene encoding ␣-hemolysin was not detected. The discrepancy could be explained by strain differences. Indeed, we have shown that hla in strain Newman was slightly upregulated by mgrA but was repressed in strain Becker (16, 24) . Previously, Ingavale et al. showed that hla was activated in the strain RN6390 background (16) .
Gene profiling of several staphylococcal global regulators has been reported. These include agr, sarA, rot, sigB, and arl (3, 10, 22, 35) . We now provide the profiling results of one more global regulatory gene, mgrA. A comparison of these profiling results is likely to provide insights into the regulatory network governing virulence gene regulation at the genomic level. Already, a pattern has emerged, namely, that agr and mgrA have similar effects on virulence gene regulation, whereas rot and sigB have the opposite effects. These analyses will undoubtedly lead to a greater understanding of the pathogenesis of this major human pathogen.
